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During embryogenesis, the killi®sh Fundulus heteroclitus forms a monolayered tight epithelium called the enveloping
layer (EVL). These epithelial cells have been shown to rearrange during epiboly, as they spread to cover the large yolk cell.
Membrane remodeling by exocytosis and endocytosis is important in establishing and maintaining the apical±basolateral
polarity of many epithelial cells and is a necessary component of epithelial rearrangements, as cells constantly break
contacts and reform tight junctions. To study these phenomena in Fundulus heteroclitus embryos, we labeled the apical
membranes of EVL cells with ¯uorescent lectins and lipids and followed membrane dynamics. Apical membrane compo-
nents were found to be highly immobilized, allowing us to observe localized sites of apical membrane turnover in situ,
over the period of several days. We found that apical membrane turnover in the EVL cells of post-epiboly killi®sh embryos
is accelerated at cell±cell contacts, in a peripheral band of apical membrane which closely borders circumferential tight
junctions. Moreover, this turnover rate is increased during epiboly, when the cells are actively rearranging. To investigate
whether this increased membrane turnover may be related to the mechanical forces experienced by the rearranging EVL
cells, post-epiboly embryos, whose EVL cells no longer rearrange, were subjected to mechanical deformation. In these
manipulated embryos, apical membrane turnover was accelerated at cell±cell contacts in EVL cells which experienced
externally applied mechanical tension. These results suggest that local mechanical tension may modulate regional apical
membrane turnover within EVL cells during the process of epiboly. q 1996 Academic Press, Inc.
INTRODUCTION time the enveloping layer is under mechanical tension, be-
ing coupled to the actively expanding underlying yolk syn-
During ®sh embryogenesis, the generation of a monolay- cytial layer, which provides motive force for epiboly (Trin-
ered tight epithelium which forms the yolk sac is one of kaus, 1984). Individual cells in the EVL epithelium must
the major results of gastrulation (Armstrong and Child, therefore control the production, maintenance, and turn-
1965). This outer epithelium, the enveloping layer (EVL), over of their surface membranes at the same time that the
®rst appears as a cap of epithelial cells on the embryo's cells are changing their relative positions.
animal pole (Betchaku and Trinkaus, 1978). These EVL cells Fundulus embryos are large and transparent, and the api-
then spread vegetally over the spherical embryo in the pro- cal membranes of the EVL cells are easily accessible for
cess of epiboly, which involves major cell rearrangements vital staining. Thus, the Fundulus enveloping layer provides
and shape changes (Betchaku and Trinkaus, 1978; Kage- an ideal model for the study of membrane turnover in an
yama, 1982; Keller and Trinkaus, 1987). At the completion intact epithelium.
of epiboly such cellular rearrangements and shape changes In this paper we report a series of experiments in which
become infrequent as the enveloping layer matures into the we labeled the apical membranes of EVL cells with ¯uores-
integument of the embryo and its associated yolk sac. In cent lectin and lipid probes and followed membrane dynam-
the killi®sh Fundulus heteroclitus, epiboly takes about 24 ics over a period of several days. Membrane turnover was
hr at 207C. observed in embryos both during and after the process of
The enveloping layer forms an impermeable barrier (Ben- epiboly. To study the in¯uence of mechanical tension on
nett and Trinkaus, 1970), and cells maintain circumferen- EVL cell membrane turnover, post-epiboly stage embryos
tial junctional complexes throughout the period of cellular were compressed between two coverslips, causing physical
deformation of large regions of the EVL. Our results suggestrearrangements (Betchaku and Trinkaus, 1978). During this
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with 8 IU/ml rhodamine-phalloidin for 5 min. After being washedthat EVL cells alter their rates of apical membrane turnover
in CFH, the embryos were viewed with epi¯uorescence.in response to local mechanical stress.
Microscopy, Image Capture, and MorphometricMATERIALS AND METHODS
Analysis
Obtaining and Culturing Embryos Embryos were viewed on a Nikon inverted Diaphot microscope,
equipped with both Nomarski differential interference contrast op-Fundulus heteroclitus gametes were obtained from ripe adults
tics and epi¯uorescence. Images were captured either by 35-mm(Marine Resources Department, Marine Biological Laboratory,
photography, or using a video image processing system, consistingWoods Hole, MA) and the eggs were fertilized as previously de-
of a Dage-MTI SIT camera, Image-1 (Universal Imaging, Inc.), andscribed (Trinkaus, 1967). Embryos were raised in seawater until the
a Panasonic optical memory disc recorder. Final photographic mon-appropriate stages, using the Armstrong and Child staging system
tages were created using Adobe Photoshop software. Image-1 was(1965). Embryos were manually dechorionated and cultured in dou-
used to quantify the extent of apical membrane turnover in individ-ble-strength Holtfreter's solution (Trinkaus, 1967). The tempera-
ual EVL cells (see Table 1). By adjusting the contrast on an image,ture was maintained at 217C for embryonic development and all
the cell margin was easily outlined, and a total apical surface areaexperimental manipulations.
value determined for each cell. Then a threshhold was set to allow
Image-1 to quantify the area of the cell surface seen as black. Per-
centage of turnover was then calculated by dividing the area ofFluorescent Staining
turnover (black) by the total area of the cell image.
Lectin. Embryos were dechorionated and stained in 100 mg/ml
of either TRITC- or FITC-conjugated lectin from Helix pomatia
(Sigma Chemical Co., St. Louis, MO) in double-strength Holtfret- RESULTSer's solution (21H) for 5 min. The embryos were then rinsed in
21H and viewed with epi¯uorescence.
Lipid. Stock solutions of the ¯uorescent lipids diIC18 (1,1*-dioc- Apical Membrane Dynamics in Enveloping Layer
tadecyl-3,3,3*,3*-tetramethylindocarbocyanine perchlorate) and R18 Cells
(rhodamine 101, octadecyl ester, chloride) (Molecular Probes, Eu-
To follow the dynamics of apical membrane turnover ingene, OR) were made by dissolving the compounds in ethanol to
this epithelium, we labeled the apical membranes of EVL50 mg/ml. Because these lipids tend to precipitate in high ionic
cells of stage 21 (post epiboly) (Armstrong and Child, 1965)strength aqueous media, the ethanolic stock solution of ¯uorescent
lipid was diluted 1:1000 in a 200 mM sorbitol solution, which was killi®sh embryos (Fundulus heteroclitus) with either (1) a
iso-osmotic with 21H. Embryos were labeled for 3 min, washed ¯uorophore-conjugated Helix pomatia lectin, which binds
with 21H, and viewed with epi¯uorescence. to N-acetyl-D-galactosamine and N-acetyl-D-glucosamine
residues of glycoproteins and glycolipids on the cell surface
(HammerstroÈm and Kabat, 1969) or (2) the ¯uorescent lipidsPhotobleaching
diI or R18 (Molecular Probes), which stain the plasma mem-
Embryos were stained with either lectin or lipid as described brane (Dragsten et al., 1981; Morris et al., 1989). With both
above. Lines were photobleached onto ¯uorescently labeled em- probes, the initial staining of the enveloping layer was uni-
bryos using 600 repetitive line scans of a Bio-Rad MRC-600 scan- form over the entire apical surface (Figs. 1A and 1E). Fundu-
ning confocal laser microscope without neutral density ®lters. Sub- lus EVL cells have been shown to have circumferential tight
sequent images were recorded using a Kalman integration of 10 junctions (Betchaku and Trinkaus, 1978). Scanning laser
image scans of the specimen.
confocal microscopy revealed that these junctions at the
borders of EVL cells prevented lectin or lipid probe mole-
cules from accessing and partitioning into basolateral mem-Mechanical Deformation of Embryos
branes. In the rare embryo where the EVL was wounded,
Post-epiboly embryos were stained with ¯uorescent lectin as de- lipid probe molecules labeled the basolateral membrane as
scribed above. They were then immediately placed in a well of well as the apical surface. These cells were very easy to
21H formed by using a ring of vaseline on a coverslip. A second
identify, because the basolateral membrane protrudes in ancoverslip was placed on top and pressed down onto the vaseline
extensive array of underlapping lamellipodia (data notspacers until the embryo was visibly deformed (¯attened to approxi-
shown). Labeled lamellipodia were never seen in EVL cellsmately 3/4 of its original diameter). Embryos that were maintained
of the embryos used for apical membrane turnover experi-in these chambers for up to 3 days showed normal development.
ments.
This initially uniform pattern of apical membrane stain-
Actin Visualization ing began to change in a speci®c spatial and temporal se-
quence. Six hours after the staining of post-gastrulation em-Embryos were ®xed for 24 hr in calcium-free 21 Holtfreter's
bryos, patches of apical membrane, devoid of ¯uorescent(CFH) with 5 mM MgCl2, 3 mM EGTA, 2% paraformaldehyde, and
probe molecules, ®rst appeared at points of cell±cell contact0.05% glutaraldehyde. The embryos were then permeabilized in
1% Triton X-100 in CFH for 5 min, washed in CFH, and labeled where the apices of polygonal EVL cells meet (Figs. 1B and
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FIG. 1. Regional membrane turnover within the apical membranes of Fundulus enveloping layer cells. Pairs of photographs showing the
temporal progression of membrane turnover (seen as loss of ¯uorescence) of EVL cells labeled with ¯uorescent lectin (A±D) and lipid (E±
H). Embryos stained with ¯uorescent lectin initially show a uniform pattern of ¯uorescence (A). Six hours later, apical membrane turnover
has removed the ¯uorescent markers from regions where three or more cells come in contact. This loss of ¯uorescence continues, and
by 18 hr (C) after staining, lectin turnover has spread from the cellular contact points along the cell margins. By 36 hr after lectin staining,
¯uorescence is restricted to a central domain (D). This same pattern of membrane turnover is seen when embryos are labeled with
¯uorescent lipid: (E) uniform staining at Time  0 hr; (F) loss of ¯uorescence at cellular contact points 12 hr after staining; (G) formation
of a non¯uorescent peripheral domain 29 hr after staining; and (H) lipid turnover 42 hr after staining creates a peripheral band that extends
10±12 mm inward from cell boundaries. Scale bar, 30 mm.
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TABLE 1
Extent of Apical Membrane Turnover in Individual Fundulus Enveloping Layer Cells from Three Different Embryos, Examining the
Relation between Cell Shape and Membrane Turnover
Percentage of apical membrane surface area turnover (loss of ¯uorescence)
4-sided 5-sided 6-sided 7-sided 8-sided Mean { s.d. % Membrane
cells cells cells cells cells of all cells turnover/hour
Labeled as early epiboly 63 61 { 1 59 { 3 56 { 6 Ð 59 { 4 2.5 { 0.2
embryo, measured 24 (n  1) (n  4) (n  5) (n  3) (n  13)
hr later.
Labeled as mid-epiboly 50 { 6 42 { 2 41 { 1 38 Ð 43 { 4 1.5 { 0.2a
embryo, measured 28 (n  2) (n  4) (n  3) (n  1) (n  10)
hr later.
Labeled as post-epiboly Ð 29 23 { 4 27 22 24 { 4 1.2 { 0.2a
embryo, measured 20 (n  1) (n  5) (n  1) (n  1) (n  8)
hr later.
Note. Three embryos at different stages were stained with ¯uorescent lectin as described under Materials and Methods. Approximately
24 hr later, embryos were photographed. Images of cells from each embryo were analyzed to determined % membrane turnover (see
Materials and Methods).
a The apical membrane turnover rate is signi®cantly different from Expt 1 (early epiboly) at the 95% con®dence level, as judged by the
Tukey±Kramer test for comparing means based on unequal sample size.
1F). By 24 hr, this membrane remodeling was visible as a margin (Fig. 2D). At these sites, marginal cells of the envel-
oping layer are mechanically coupled by tight junctions tocircumferential band around the perimeter of each cell (Figs.
1C and 1G). By 48 hr, the annular band of membrane turn- a large underlying yolk cell. During epiboly, this margin of
the EVL is subjected to great tensile forces (Trinkaus, 1951).over extended 5±10 mm inward from the cell borders, with
only the central domain remaining ¯uorescent (Figs. 1D and These marginal cells are also undergoing extensive rear-
rangements, as the ¯at cap of EVL cells spread to cover the1H). This turnover occurred synchronously in all of the EVL
cells of an embryo and was independent of cell shape. While spherical yolk cell (Keller and Trinkaus, 1987).
most EVL cells are polygons with 5±6 sides, an individual
EVL cell within an embryo may have borders of various
Mechanical Deformation Increases the Rate of EVLlength with 3±8 adjacent EVL cells. Although the turnover
Cell Membrane Turnoverof membrane probes was highly localized to these regional
domains, the ratio of membrane turnover to apical surface To explore the possibility that cellular membranes sub-
area was the same in neighboring EVL cells, regardless of jected to mechanical stress might show accelerated mem-
their overall size and shape (see Table 1). brane turnover, post-epiboly embryos were mechanically
deformed between two glass coverslips (Fig. 2, inset). This
produced regions where the embryo bulged out, arti®cially
causing EVL cells to experience mechanical tension. InAccelerated Membrane Turnover during Epiboly
these bulging areas, EVL cells showed increased membrane
turnover (Figs. 2A±2C). The areas of greatest curvature cor-This differential membrane turnover is accelerated by a
factor of 2 during epiboly (see Table 1), as the EVL cells respond to regions of the embryo where EVL cells are sub-
jected to the greatest amount of mechanical tension, andrearrange to cover the spherical embryo. When early- to
mid-epiboly embryos are stained with either type of ¯uo- circumferential bands of membrane turnover are visible.
These regions of loss of ¯uorescence were not due to cellsrescent marker, the same pattern of membrane turnover is
seen as in post-epiboly embryos, however, it is at an in- pulling away from each other under the increased mechani-
cal tension. When viewed with Nomarski optics, these EVLcreased rate. At points where three cells come into contact,
membrane turnover occurs within 4 hr, and the loss of ¯uo- cells maintained close contact with their neighbors (data
not shown). In comparison, nearby cells that were pressedrescence from the entire peripheral domain can occur
within 12 hr. This suggests that when individual EVL cells against the glass substrate exhibited less membrane turn-
over in the peripheral domains of their apical membranes.are motile and sliding past neighboring cells, apical mem-
brane turnover is accelerated. The application of mechanical tension created embryos
showing a graded stimulation of membrane turnover. TheseCells at the margin of the spreading enveloping layer of-
ten show pronounced membrane turnover near their leading continuous increases in membrane turnover across certain
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FIG. 2. Mechanical tension accelerates apical membrane turnover in EVL cells. (Inset) Diagram of an embryo being compressed between
two coverslips, viewed on an inverted microscope (objective focused on region near greatest curvature). (A, B, and C) Post-epiboly embryos
stained with ¯uorescent lectin were compressed between two coverslips, causing the embryo to bulge outward (see inset). EVL cells
located in areas of high curvature of the deformed embryo are thus subjected to a sustained increase in mechanical tension. Over a period
of 6±10 hr accelerated membrane turnover was observed in EVL cells near these bulging areas (where the image becomes out of focus, at
bottom right-hand corner in A and C, and along the bottom border of B). (A) The cells nearest the bulging region show apical membrane
turnover in a narrow peripheral band along the margin of each EVL cell, while the other cells in the ®eld of view exhibit turnover only
at tricellular contact points. (B and C) This difference in the extent of membrane turnover between ``bulging'' cells and ``compressed''
cells is more pronounced. (D) A control mid-epiboly embryo (not subjected to mechanical deformation) showing the marginal zone of the
enveloping layer epithelium, where its cells are attached to the large yolk cell. In this micrograph, the enveloping layer epithelium is
advancing over the yolk cell from the top of the ®eld toward the bottom. Membrane turnover is accelerated at the leading edges of each
marginal EVL cell (seen as a wider region of loss of ¯uorescence near the leading edge). These cells are known to be subjected to large
tensile forces during epiboly (Trinkaus, 1951). Scale bar, 50 mm (A, B, and C); 25 mm (D).
spatial dimensions were never observed in unstressed post- (Fig. 3A). These embryos were then restained with TRITC-
labeled lectin to detect the location of lectin receptors thatepiboly embryos.
had been newly inserted into the apical membranes within
the previous 24 hr. The TRITC-lectin bound uniformly to
a circumferential band of membrane in the peripheral do-Membrane Remodeling Is a Continuous Process
main of each EVL cell (Fig. 3B). The bright TRITC-lectin
To determine whether the localized membrane remodel- staining coincided with areas of EVL apical membranes in
ing in EVL cells at cell±cell contacts is a continuous pro- which FITC-lectin ¯uorescence had previously disappeared
cess, normal embryos were relabeled with ¯uorescent mem- (Fig. 3A).
brane probes, once areas of membrane turnover became ap- Twenty-four hours after this restaining, patches of mem-
parent in their apical membranes. Post-epiboly embryos brane turnover began to appear at points of cell±cell contact
in the band of TRITC-lectin staining (Figs. 3D and 3F). Thiswere ®rst stained with FITC-labeled lectin and left for 24 hr
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FIG. 3. Membrane turnover in enveloping layer cells is a continuous process. Double-label experiments: (A, C, and E) ¯uorescein
¯uorescence; (B, D, and F) rhodamine ¯uorescence. Embryos were labeled with FITC-conjugated lectin from Helix pomatia. Twenty-four
hours later, after membrane remodeling was apparent in the peripheral domain of EVL apical cell membranes, embryos were restained
with TRITC-conjugated Helix pomatia lectin. (A) Fluorescein ¯uorescence immediately after restaining with TRITC-lectin shows the
peripheral domain completely cleared of FITC-lectin. (B) Rhodamine ¯uorescence of the same region as in (A) shows that the newly
applied TRITC-lectin preferentially binds to the peripheral domain of the apical membranes, where FITC-lectin labeling is absent. This
indicates that new lectin receptors have been inserted in the peripheral domain since the time of ®rst lectin (FITC) application 24 hr
earlier. (C) Twenty-four hours after restaining with TRITC lectin, receptors have been inserted into the peripheral domain, since the
¯uorescein ¯uorescence is still restricted to the central domain. The width of the cleared peripheral domain has not substantially increased.
(D) The rhodamine ¯uorescence of the same region as in (C) shows that the TRITC-lectin has begun to disappear from the peripheral
domain. This membrane remodeling begins at regions closest to cell±cell contacts. (E and F) Higher magni®cation views of the embryo
at the same time point as in (C and D). Note that the rhodamine ¯uorescence (F) is coincident with the peripheral domain lacking
¯uorescein ¯uorescence (E) and that the TRITC-lectin has begun to disappear from the points of cell contact. Scale bar, 30 mm (A±D); 10
mm (E and F).
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membrane turnover continued to occur within a peripheral nents occurs at similar rates in adjacent EVL cells, sug-
gesting that apical membrane turnover is tightly regulated,domain extending no more than 10 mm inward from the
cell margin (Figs. 3C±3E). These results suggest that both both spatially and temporally. Membrane turnover was
found to be a continuous process, with all EVL cells remod-the removal and the insertion of Helix pomatia lectin recep-
tors occur most rapidly in the peripheral areas of EVL apical eling their apical membranes throughout embryonic life.
The rate of apical membrane remodeling is greatest whencell membranes. Embryos labeled with ¯uorescent lipids
also showed continuous membrane turnover. In one experi- the epithelial cells are actively rearranging during gastrula-
tion. In addition, turnover can be accelerated by the imposi-ment, in which restaining was repeated four times, EVL
cells continued to exhibit localized membrane turnover in tion of mechanical forces. Such increased membrane turn-
over at cell±cell contacts may be a means of facilitating thetheir peripheral domains for a period of 5 days.
cellular rearrangements that occur within the enveloping
layer as it spreads over the ®sh embryo during epiboly.
Lateral Mobility of Fluorescent Probes in the The insertion and removal of membrane components by
Apical Membrane exocytosis and endocytosis play important roles in estab-
lishing and maintaining the apical±basolateral polarity ofTo determine the lateral mobility of the ¯uorescent
probes within EVL apical membranes, lines were photo- many epithelial cells (Nelson et al., 1992; Fleming and John-
son, 1988; Simons and Fuller, 1985). In the epithelial sheetsbleached on ¯uorescently labeled embryos. These lines re-
mained clearly visible for more than 30 min on newly la- of developing embryos, membrane remodeling is also neces-
sary for cells to repack, as they remove cellular contactsbeled embryos, as well as on embryos whose apical mem-
branes had been undergoing membrane turnover for 24 hr and reform tight junctions (Fristrom, 1988). In certain epi-
thelial cell lines, apical membrane components are inserted(Figs. 4A±4D). These results indicate that the ¯uorescent
probe molecules, as well as the membrane components to preferentially at sites of cell±cell contact. However, within
minutes of insertion these molecules are rapidly redistrib-which they were bound, were highly immobilized. In all
experiments, the photobleached line showed no differential uted by lateral diffusion, leaving no long-term evidence of
their sites of entry into the apical membrane compartmentrecovery between the central and the peripheral domains
of the apical membrane. This immobilization provides an (Louvard, 1980; Vega-Salas et al., 1988). In contrast to these
¯uid membranes, we found that apical membrane compo-explanation for why diffusion does not rapidly dissipate the
patterns of localized apical membrane turnover observed in nents within the enveloping layer of killi®sh embryos are
highly immobilized. This reduced mobility allowed us toEVL cells.
In adult teleost ®sh, the apical surfaces of epidermal cells observe localized sites of apical membrane turnover in situ,
over the period of several days, after EVL cells were labeledare covered with extensive microridges which correspond
to cortical aggregations of actin ®laments (Bereiter-Hahn et with ¯uorescent lectins or lipids. Thus, we were able to
demonstrate that apical membrane turnover in the envel-al., 1979; Hawkes, 1974; Foscarini, 1989). From electron
micrographs of adult ®sh epidermal cells, Bereiter-Hahn oping layer cells of killi®sh embryos is accelerated at cell±
cell contacts, in a peripheral band of apical membrane(1979) has observed evidence that integral membrane glyco-
proteins are anchored to cortical micro®laments that are which closely borders circumferential tight junctions.
It was interesting to discover that after labeling the em-closely apposed to the cell membrane. These actin-®lled
microridges are also present on the surface of the Fundulus bryonic enveloping layers of many different ®sh with ¯uo-
rescent lipids and lectins, only two species of killi®sh (Fun-embryos (Figs. 4E and 4F). Keller and Trinkaus (1987) noted
increased numbers of apical microfolds in Fundulus EVL dulus heteroclitus and Cyprinodon maculatum, the desert
pup®sh) were found to exhibit the above-described patterncells during the active cell rearrangements of epiboly. These
``¯owers'' of microfolds appeared at tricellular contact of regional membrane turnover. In the other species studied,
the ¯uorescence of the EVL apical membranes was lost uni-points as submarginal EVL cells were separating from each
other. In our present study, we have found that these sites formly over the entire apical surface, and the cells appeared
to become dimmer with time (data not shown). This is con-correlate with regions of rapid membrane turnover. How-
ever, in making time-lapse video recordings of EVL cells sistent with the cells having more ¯uid apical membranes.
Any regional turnover in these cells may have been maskedwith Nomarski optics, we found no correlation between
microridge dynamics and locations of membrane turnover by the diffusive mixing of ¯uorescently labeled components
within the apical membrane.within EVL apical cell membranes (data not shown).
What could be different about the killi®sh embryos? Both
of these species of ®sh live in water conditions which are
subject to extreme changes in salinity and temperature. TheDISCUSSION
Fundulus embryo is known to have an extremely imperme-
able EVL epithelium, which allows the embryo to osmore-We have observed that the apical membrane of Fundulus
EVL cells exhibits differential rates of membrane turnover, gulate in the face of rapidly changing environmental condi-
tions (Bennett and Trinkaus, 1970). The immobilization ofwith the most rapid remodeling occurring near sites of cell±
cell contact. This localized turnover of membrane compo- apical membrane components in EVL cells may somehow
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FIG. 4. Fluorescent markers in the apical membranes are immobile. (A and B) Scanning confocal laser microscope images of a lectin-
stained embryo after photobleaching. (A) EVL cells which had been labeled with ¯uorescent lectin 24 hr before photobleaching (which
now show regions devoid of ¯uorescence due to membrane turnover). At Time  0 (A), a line was bleached across the embryo. At
Time  1 hr (B), the line is still visible, indicating that lateral diffusion of lectin receptors did not occur to an extent great enough
to obscure the bleached line. No differential recovery can be seen across the cells. (C and D) Scanning confocal laser microscope
images of lipid-stained embryo after photobleaching. A line was photobleached across the surface of EVL cells which had just been
stained with the ¯uorescent lipid, diI. At Time  0, a line was photobleached across the embryo (C). At Time  35 min (D), the
photobleached line is still clearly visible, showing that the ¯uorescent lipid is immobilized in the plane of the membrane. No
differential recovery can be seen between the peripheral and central domains of the apical cell membranes. (E) A Nomarski image
of the apical membrane shows numerous surface folds, as well as circumferential ridges along the margins of the cell. (F) A rhodamine-
labeled phalloidin stain of surface ridges on EVL apical membranes (similar to those seen in (D)) that correspond to high densities
of ®lamentous actin. Continuous bands of actin demarcate the edges of EVL apical cell membranes. Scale bar, 25 mm (A and B); 20
mm (C and D); 10 mm (E and F).
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be related to the epithelium's impermeability to water and had immobile regions that did not recover from photo-
bleaching over tens of minutes.ions.
From studies of cultured epithelial cells, there is accumu- Weliky and Oster (1990) have proposed a model to explain
the mechanical basis of epithelial rearrangements in Fundu-lating evidence that membrane components are inserted
into apical membrane compartments near circumferential lus embryos, based on balancing the forces exerted between
neighboring cells. In their model, Weliky and Oster (1990)tight junctions. When MDCK (Madine±Darby canine kid-
ney) cells are prevented from making calcium-dependent predict that the region of a cell under the greatest mechani-
cal tension would be where three or more cells are in con-adhesions, they develop large cytoplasmic vesicles which
contain apical membrane components (Vega-Salas et al., tact. Indeed, this is exactly the region of EVL cells where
membrane turnover is ®rst observed. In their model they1987, 1988). If cells are allowed to reestablish contact in the
presence of extracellular calcium, these vesicles are inserted calculate that the margins of those EVL cells at the leading
edge of the epibolic sheet (that is, at the EVL/YSL boundary)into the apical membrane compartment at sites of cell±
cell contact (Vega-Salas et al., 1988). A directed insertion will be experiencing additional tension due to the force ex-
erted by the YSL. We found that these marginal EVL cellsof vesicles at cellular junctions has also been reported by
Louvard (1980), who found that newly formed endosomes show an increased rate of membrane turnover along the
edge at the YSL boundary and that these were the only EVLwere reinserted into the apical membranes of cultured intes-
tinal epithelial cells at sites of cell±cell contact. These pre- cells normally observed to have a gradient of membrane
turnover within the apical membrane of a single cell.vious ®ndings (reviewed by Rodriguez-Boulan and Nelson,
1989) suggest that the accelerated apical membrane turn- What controls the rate and localization of membrane
turnover in these epithelial cells? Our experiments indicateover at cell±cell contacts in Fundulus EVL cells could in-
volve a combination of exocytosis, endocytosis, and endoso- that one factor may be the local mechanical stress within
the epithelial sheet. When individual cells are rapidly break-mal recycling, with a net ¯ux of unlabeled membrane
ing and reforming cell±cell contacts, apical membrane turn-coming to the cell surface, while ¯uorescently labeled
over is accelerated in a peripheral band around each cell.membrane components are removed from the surface via
This turnover follows a predictable timecourse and is inde-endocytic pathways. Indeed, over the period of apical mem-
pendent of cell size and shape. When mechanical tensionbrane turnover described here for Fundulus EVL cells, vari-
is imposed upon an epithelial sheet (by deforming the em-ous endomembranous organelles become ¯uorescent, as
bryo), cells respond in a graded fashion, with the fastestsurface label is internalized. In addition, embryos placed in
turnover occurring in those cells in the regions of greatesta Lucifer Yellow solution for 2 hr accumulated numerous
deformation.¯uorescent vesicles, formed by ¯uid-phase endocytosis
In our experiments with the Fundulus EVL epithelium,(data not shown).
we have found that an increase in cell±cell tension is corre-In order to study EVL membrane turnover, two different
lated with an increased rate of membrane turnover. In a¯uorescent markers were used in our study. Lectin from
series of experiments on Xenopus embryos, Beloussov andHelix pomatia has speci®c binding sites for N-acetyl-D-ga-
colleagues (1994) were able to relax the surface tension oflactosamine and N-acetyl-D-glucosamine. In these experi-
the embryonic epithelium by explanting pieces of tissue.ments, the ¯uorescent lectin would bind to exposed resi-
This mechanical relaxation led to an increase in membranedues on membrane glycoproteins and glycolipids. The lectin
turnover, visualized as numerous endo- and exocytotic vesi-would not be expected to cross the apical membrane, and
cles in TEM sections. They also examined apical surfaceany internal ¯uorescence seen after labeling must be the
area with SEM and noticed marked changes in the numberresult of membrane internalization. Lateral mobility of the
and size of surface protrusions as the cells experiencedlectin probe was found to be very low (see Fig. 4), indicating
changes in mechanical tension.that the overall membrane ¯uidity was reduced, including
Numerous studies have documented that the cytoskele-the glycolipids and glycoproteins labeled by the lectin. In
ton can respond to changes in mechanical stress, oftencontrast, the second membrane marker was a lipid which
transmitted by integrins and/or cell adhesion molecules (re-became incorporated into the lipid bilayer of the apical
viewed by Ingber et al., 1994). Cytoskeletal dynamics maymembrane. DiI(C18) is a lipophilic cationic carbocyanine
be involved in adding new membrane to the leading edge ofdye, whose long carbon chain tail inserts into the outer
migrating cells and internalizing excess surface membranelea¯et of the plasma membrane. We found that the lateral
during the cortical ¯ow of cell protrusions (Bray and White,mobility of diI(C18) was extremely low in Fundulus EVL
1988; Condeelis, 1993). Therefore, it will be important tocells. In a series of experiments on ®broblast plasma mem-
examine cytoskeletal dynamics in rearranging Fundulusbranes, labeled with a related carbocyanine dye, Edidin and
EVL cells, as we continue to study localized membraneco-workers demonstrated micrometer-scale protein-rich do-
turnover in these cells.mains which were much less ¯uid than the surrounding
protein-poor lipid regions (Edidin and Stroynowski, 1991;
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